Brazil is becoming one of the main global producers of the shrimp Litopenaeus vannamei. Worldwide outbreaks of viral disease place this aquaculture industry at risk, causing episodic economical loss. The primary viruses for L. vannamei, particularly in northeastern Brazil, are the infectious hypodermal and hematopoietic necrosis virus (IHHNV) and the infectious myonecrosis virus (IMNV). After a period of unusual rainfall, we detected that farmed shrimp developing IMN or IHHN disease were co-infected with both viruses, and the disease outcome resulted from reciprocal IHHNV and IMNV proliferation. To comprehend how the key molecules of innate immunity respond to this double infection, the levels of HSP-70, crustin, penaeidin-3a, and C-type lectin-br1 were assessed by quantitative PCR. HSP-70 expression was expressively up-regulated by IHHNV infection in the gills of double-infected shrimp but not by IMNV infection; the other transcripts were not significantly altered. These findings implicate the HSP-70 as a differential modulator of viral co-infection in shrimp.
showed that the most positive samples of shrimp were simultaneously co-infected with both viruses, but the disease symptoms and outcome, as seen in the field, indicated that one type of virus might be predominating and impairing the replication of the other, often to the detriment of its own viral replication.
L. vannamei is a decapod that relies on molecules of the innate immune system to defend itself from microorganisms (Iwanaga and Lee 2005) . Essentially, the innate invertebrate immune system is based on cellular and molecular components that, upon infection, recognize molecular patterns in the microbial membranes and contribute to the triggering of a cascade of events that culminate with the killing of pathogens. For example, C-type lectins, calcium-dependent proteins with one or more conserved carbohydrate recognition domains (CRDs), are known to act as pattern recognition receptors by binding to pathogen-associated molecular patterns and activating the innate host defense (Fujita et al. 2004 ). C-type lectins and C-type lectin-like domaincontaining proteins have been identified in several species of crustaceans, including crabs (Kong et al. 2008 ) and shrimp (Luo et al. 2006; Liu et al. 2007; Costa et al. 2011) , as well as in other invertebrates such as barnacles (Matsubara et al. 2007 ), cnidarians (Wood-Charlson and Weis 2009) , and mollusks (Yamaura et al. 2008; Zhang et al. 2009 ). Other polypeptides that are conjunctly involved in innate defense in penaeid shrimp include members of the family of antimicrobial peptides and heat shock proteins. Crustins and penaeidins, for example, are two classes of antimicrobial peptides that are expressed in crustacean and shrimp tissues. Initially identified in the crab Carcinus maemas, crustins were collectively named carcinines (Schnapp et al. 1996) . In L. vannamei and Litopenaeus setiferus, more than one isoform precursor has been found (Gross et al. 2001) . Crustins are categorized into three types (I to III) according to their functions and the arrangement of their protein domains (Smith et al. 2008 ). In the epipodite, but not the hemocytes, of the penaeid shrimp Penaeus monodon, crustinlike molecules were observed to be up-regulated upon heat treatment and hyperosmotic salinity stress. This up-regulation revealed the crustin-like molecules' function as a stress mediator in addition to their in vitro antibacterial action against gram-positive bacteria (Vatanavicharn et al. 2009 ). The family of penaeidins also includes members with variable amino acid sequences and functions. Three families that show biological activity against filamentous fungi and bacteria have been characterized from the hemolymph of L. vannamei (Destoumieux et al. 1997) . The expression pattern of penaeidins-2, -3, and −4 in the hemocytes of L. vannamei was studied by relative (qPCR) and was shown to fluctuate; penaeidin-3 was expressed 10 3 -fold more than penaeidin-2 and penaeidin-4 were (O' Leary and Gross 2006) . Another class of polypeptides that are recruited in response to an elicitor and are connected to the innate immune system of crustacean encompasses the heat shock proteins (HSPs). The HSPs are intrinsic chaperones that include polypeptides with molecular weights in the range of 16 to 100 kDa, which correspond to their family names (e.g., HSP21, HSP-60, , that are expressed by all cellular organisms in response to a stress (Roberts et al. 2010) . In L. vannamei, the expression profiles of HSP60 and HSP-70 in response to bacterial infection and heat shock have been studied and reveal that both proteins are significantly up-regulated in the tissues of the gill, hepatopancreas, and hemocytes after shrimp exposure to bacteria, such as Staphylococcus aureus and Vibrio alginolyticus (Zhou et al. 2010 ).
Due to the biological roles that these families of molecules play in the innate immunity of most invertebrates, and particularly that of L. vannamei, they are adequate molecular markers to deeper investigate their pattern of expression in response to epizootics. In the field, farmed shrimp are subjected to several simultaneous stress stimuli such as changes in temperature, osmotic balance, feeding scheme, and bacterial and viral assaults. Consequently, the induction of gene expression, and ultimately the control or susceptibility of an infectious disease, is the result of an intricate balance of these biological and environmental factors. Moreover, because most experiments that involve expression profiling are conducted in the laboratory, under strict controlled conditions, we decided to investigate how representative members of the four classes of genes connected to the immune response (crustin, C-type lectin, HSP, and penaeidin) oscillate in farmed shrimp that are naturally infected with IMNV and IHHNV. We have demonstrated that the level of HSP-70 expression in co-infected farmed shrimp is upregulated in response to IHHNV proliferation, but it seems unrelated to the IMNV particle number.
Methods

Shrimp samples
Sub-adult L. vannamei (average body weight 10.16 ± 4.19 g), growing at a density of 40 to 60 individuals per m 2 in a temperature range from 26°C to 30°C, and a salinity of 10 to 40 ppt, were sampled from local shrimp farms (in the states of Ceará and Rio Grande do Norte) and classified as asymptomatic, IHHNV-or IMNV-infected shrimp based on the visual inspection of a gross signal of disease. IHHN-affected shrimp show growth retardation, which is characterized by high levels of energy consumption, and runt deformity syndrome, which is characterized by cuticular deformities and a bent rostrum (Kalagayan et al. 1991) . Shrimp suffering from IMN disease show a loss of transparency and coloration around the tail, necrosis of the abdomen and cephalothorax, white foci in the muscle, progressive necrosis of the tail fan, and high rates of mortalities. The gill tissue from the individual samples was biopsied and immediately transferred to microtubes containing RNAlater solution (Ambion/Applied Biosystems, Austin, TX, USA) for the preservation of total RNA. The samples were maintained at 4°C until they were processed within 1 week following collection.
Total RNA preparation
Total RNA was extracted from minced gills (10 to 20 mg) using the SV Total RNA Isolation System (Promega, Madison, WI, USA), according to the manufacturer's protocol, which includes a step of DNaseI treatment. The quality and yield of total RNA were verified by assessing the integrity of 28S and 18S rRNA by formamide-based denaturing agarose gel electrophoresis (Masek et al. 2005) and by 260/280 nm ratio spectrophotometric assessment.
Complementary DNA synthesis
For complementary DNA (cDNA) synthesis, 1 μg of each DNase I-treated total RNA sample, mixed with 500 ng of random primers (Promega, Madison, WI, USA) in a final volume of 10 μl, was heated to 70°C for 10 min and then placed on ice. ImProm-II reverse transcriptase (Promega, Madison, WI USA) (100 U) was added together with 1 mM of each deoxynucleoside triphosphate, 2 mM MgSO 4 , 1 mM dithiothreitol, 20 U recombinant RNase inhibitor, and nuclease-free water to a final volume of 20 μl. The reverse transcription mixture was incubated at 42°C for 1 h and then at 70°C for 15 min. The cDNA was diluted tenfold with TE (10 mM Tris-HCl, pH 7.5, 1 mM ethylenediaminetetraacetic acid), and 2 μl aliquots were used for relative and quantitative real time PCR (qRT-PCR) experiments.
Absolute quantitative real time PCR
For the quantification of IHHNV and IMNV load in L. vannamei and to determine the expression profile of the innate immunity genes, the absolute and relative quantitative strategies were used. The genes encoding the non-structural proteins of IHHNV and of IMNV, as well as L. vannamei β-actin, crustin, C-type lectin, penaeidin-3a, and HSP-70 (Table 1) , were cloned into pGEM T-easy (Promega, Madison, WI, USA), and serial tenfold dilutions of each gene were made to establish the quantitative PCR (qPCR) standard curves. The standard curve series were made in triplicate. The primers used for qRT-PCR assessment of the viral load and the expression profile analysis of innate defense gene transcripts are listed in Table 1 . The amplification of virus (IHHNV and IMNV) and of L. vannamei (β-actin, crustin, C-type lectin, penaeidin-3a, and HSP-70) cDNAs was carried out in the Rotor-Gene 3000 that was operated with its respective software, version 6. threshold and threshold cycle values were automatically determined by the Rotor Gene 6.0.19 software, using the default parameters. All measurements were obtained as the mean of at least nine measurements ± SEM (less than 5% error). The corresponding real-time PCR efficiencies (E) of the cycles in the exponential phase were calculated from the given slopes (k) in the Rotor Gene 6.0.19 software, according to the equation E = 10 (−1/k) − 1. For normalization of the values of the viral load and the innate immunity gene expression, the mean copy number of β-actin transcripts in each sample, equivalent to 1 μg, was determined from at least ten independent experiments (n ≈ 30); the results of the viral infection and gene expression analysis were indicated as the logarithm of the copy number. Statistic analysis was conducted with the BioStat 5.0 software (Ayres et al. 2007 ). The linearity of the qPCR standard curve was expressed as the square of the Pearson correlation coefficient (R 2 ); the positive correlation between the viral load and the gene expression level was expressed as the Pearson coefficient (r). Tests of significance were performed with a one-way ANOVA, Tukey test, and the significant difference was considered as P < 0.01.
Results
Natural co-infection in farmed L. vannamei shrimp with IHHNV and IMNV
A total of 120 shrimp were inspected for a gross signal of viral disease and were classified as asymptomatic, IHHNV-or IMNV-infected, with a total of 50 (approximately 42%), 40 (approximately 33%), and 30 (25%) samples, respectively (Table 2) . Through conventional PCR analysis, 98% of the asymptomatic samples scored positive for IHHNV when shrimp genomic DNA from gill was used as the template, and the recommended 'Office International des Epizooties (OIE)' oligonucleotides (77012F and 77353R, amplicon size 341 nt) were used as the primers in the diagnostic reactions. Shrimp samples suspected of IHNNV and IMNV infections were analyzed by reverse transcription coupled with PCR (RT-PCR) with shrimp gill cDNA as the template and oligonucleotides specific for viral genes as the primers (Table 1) . RT-PCR analysis revealed that 50% of the samples suspected of IHHNV infection scored positive for IHHNV, 12.5% scored positive for IMNV, and 37.5% were shown to be positive for both IHHNV and IMNV. In case of samples suspected of IMNV infection, 10% scored positive for IHHNV, 6.7% scored positive for IMNV, and 75% scored positive for double-infection with IHHNV and IMNV ( Table 2 ). Molecular diagnostic analysis also revealed qualitative differences in the ratios of viral load in co-infected shrimp samples (Figure 1) . The quantitative differences in IHHNV and IMNV copy number were ascertained by qPCR and confirmed the relationship of the inverse proportionality in the viral loads (next section).
Reciprocal IHHNV and IMNV loads in co-infected shrimp
In the samples of farmed shrimp from Brazil, absolute quantitative real time PCR has shown the reciprocal presence of IHHNV and IMNV; when the number of IHHNV is higher, the number of IMNV is lower and vice-versa (Teixeira-Lopes et al. 2011) . The proportionality or reciprocity in IHHNV and IMNV load is seen in Figure 2 . The presence of other viruses (yellow head virus (YHV), Taura syndrome virus (TSV), and white spot syndrome virus (WSSV)) and bacteria (necrotizing hepatopancreatic bacteria and Vibrio sp.) was tested, according to OIE recommendations (2011), but was not detected, which confirmed the status of a double-infection with IHHNV and IMNV. In several cases, the ratio IHHNV/IMNV was seen to be approximately 1 when the viral load of both viruses was proportional, more than 1 when the IHHNV load was higher than the IMNV load, and less than 1 when the IHHNV load was inferior to the IMNV load.
Figure 1 Qualitative diagnostic analysis of IHHNV and IMNV by reverse transcription coupled with PCR (RT-PCR). (A)
The product of the amplification reaction of the penaeid β-actin gene that was used as internal control. (B) Representative samples that are positive for IHHNV, amplified from cDNA using the primer pair for IHHNV detection as described in Table 1 . In (C), the same samples that are shown in (A) and (B); however, the samples were analyzed for IMNV infection using the primers MV4587F and MV4914R (Table 1 ). The lanes in each individual position, in all panels, correspond to the same sample. Marker = 1 bp DNA ladder. Asterisks denote 500 bp.
The up-regulation HSP-70 is mediated by IHHNV in double-infected L. vannamei
In the double-infected shrimp samples, the expression of HSP-70 in the gills is induced by 3 orders of magnitude when IHHNV is the predominant epizootic, which reveals a relatively strong positive correlation (p < 0.0001 and r = 0.7370) between the number of IHHNV particles and the increase in HSP-70 copy number ( Figure 3A ). In the case of IMNV, the relationship between the viral load and the expression of the HSP-70 gene was not relevant and is numerically corroborated by its respective statistical values of Pearson correlation and confidence (p = 0.4777, r = 0.1558) ( Figure 3B ). The induction of HSP-70 expression in relation to IHHNV infection was also observed in some shrimp samples in which IHHNV was the only infecting virus (Figure 4) . In Figure 4 , the lack of a relationship between the up-regulation of HSP-70 and the IMNV load is illustrated. The expression of crustin, C-type lectin (CTL-br1), and penaeidin-3a in natural double-infected farmed shrimp was concomitantly evaluated, but in shrimp gill, these genes were not strictly related to either the IHHNV or IMNV load, as seen in Figure 3C ,D,E,F,G,H. The absence of a direct relationship between the induction of the tested innate immune genes (crustin, CTL-br1, and penaeidin-3a) mediated by IHHNV and IMNV alone or by both viruses together in chronically infected shrimp was therefore statistically determined ( Figure 3C ,D,E,F,G,H and Figure 4 ).
Discussion
In this study, we investigate the pattern of expression of four representative members of the polypeptide families that are related to the innate immune response of the Pacific whiteleg shrimp L. vannamei, in the standard natural condition of raring in farms located in the northeast of Brazil. Brazil is becoming one of the main global producers Log copy number Figure 2 Reciprocal quantitative differences in shrimp samples co-infected with IHHNV and IMNV.
The logarithm of the mean copy number of IHHNV and IMNV co-infecting farmed L. vannamei. In each shrimp sample (n ≥ 6), actively transcribed genes from IHHNV and IMNV were quantified by absolute qPCR using cDNA as the template and specific primers as described in Table 1 . The number of viral particles was then normalized in relation to the logarithm (Log10) of copy number of 1 μg of shrimp β-actin transcripts. of this shrimp species, and approximately 98% of the national aquaculture industry is concentrated in the northeastern region of the country. This Brazilian region favors shrimp and fish aquaculture due to the particular climate, which is characterized by low temperature fluctuation and low rainfall throughout the year. Despite these excellent environmental conditions for shrimp farming, an anomalous period of excessive rain occurred in the interval from December 2009 to March 2010. Consequently, a virus outbreak began, likely as a consequence of reduced water salinity and osmotic shock that compromised the regional shrimp production in that period. The samples for molecular diagnostic analysis were collected in these circumstances and were inspected for known symptoms of viral and bacterial disease. Based on the distinct pathological signs seen in the shrimp infected with IHHNV and IMNV, the two prevalent viruses in Northeastern Brazil, the samples were classified as asymptomatic, IHHNV-or IMNV-suspected (Table 2 ). Conventional PCR-based analysis proved that 98% of asymptomatic shrimps were IHHNV carriers, although the gross signals of infection were not manifested when they were sampled. The presence of IMNV in asymptomatic shrimp was not tested in such samples because they were collected in a preservation solution for genomic DNA extraction, and IMNV is an RNA virus. Whether carried IHHNV was in its infective form or silently integrated in the shrimp genome, as previously reported (Tang and Lightner 2006; Teixeira et al. 2010) , was not addressed in the present study. However, shrimp samples that were grouped and labeled as IHHNV-and IMNV-suspected were analyzed by RT-PCR to confirm the gross signals of chronic viral disease. Unexpectedly, a relatively high number of shrimp samples were co-infected with both viruses, and the disease outcome was the result of the predominance of one kind of virus that quantitatively proliferates to the detriment of Figure 4 Comparative expression: innate immune genes of shrimp infected with a virus alone or simultaneously co-infected. Representative shrimp samples (n ≥ 9) that are positive only for IHHNV or IMNV, as well as positive for both viruses were confirmed by RT-PCR, and the viral load (log of copy number) was determined by absolute qPCR. The samples labeled 'Positive' are those in which the log copy number of viral particle is maximal for one type of virus and 'zero' for the another; 'Predominance' means that a kind of virus that predominates (in terms of copy number) in relation to the other for the same numerical factor; for example, in the sample labeled as 'IHHNV predominance' the difference between IHHNV and IMNV is 2.6, while in IMNV predominance, the difference between IMNV and IHHNV is 2.7. P < 0.01.
the other (Figures 1 and 2 ). In fact, the prevalent co-infection of L. vannamei with IHHNV and other virus, like TSV, and even in association with two other viruses (TSV and WSSV), i.e., triple-virus infection, has been found among samples in distinct shrimp farms located in China (Tan et al. 2009 ). Therefore, IHHNV seems to be a constant co-infecting agent in shrimp that is capable of genome integration events and of being carried by asymptomatic individuals in all phases of shrimp development.
To understand the immune response of L. vannamei chronically co-infected with IHHNV and IMNV in the natural condition of farming, we chose to test four representative classes of polypeptides that are responsible for the first line of defense against pathogenic microorganisms. These molecular markers of the innate immune response include two classes of antimicrobial peptides (crustin and penaeidin), a C-type lectin and a heat shock protein (HSP-70). qPCR was used to evaluate the expression patterns of the transcripts that corresponded to the four polypeptides. The analysis was focused on the gill tissue because this shrimp organ is the first to accumulate pathogenic microorganisms (Burgents et al. 2005) , and several studies have reported the differential gene expression related to environmental stress in the gill (Zhou et al. 2010; Wang et al. 2011) .
As was observed by means of experimental results with samples that were environmentally exposed and thriving with IHHNV and IMNV co-infection ( Figure 3A) , the higher the number of IHHNV particles, the higher the level of HSP-70 expression in the shrimp gill, and values reached at least 3 orders of magnitude in comparison with estimates from the basal level of HSP-70 copy number. On the contrary, the proliferation of IMNV in co-infect shrimp neither caused such a proportional increase in the HSP-70 level as that which was observed for IHHNV nor caused a down-regulation of this gene, as statistically tested ( Figure 3B ). The validation of such an observation is also applicable for samples in which IHHNV or IMNV is the single infecting virus (see Figure 4) .
The expression levels of crustin, penaeidin and C-type lectin was assessed in the condition of reciprocal viral co-infection. However, the relationship between IHHNV/ IMNV reciprocal co-infection and crustin or penaeidin expression was not observed, which showed a weak positive correlation ( Figure 3C ,D,E,F,G,H). Crustin and penaeidin, which are primarily produced in high level in hemocytes, were shown to be expressed differently in several shrimp tissues, including the gill. Crustin and penaeidin act mainly as antimicrobial agents against bacteria and fungi (Tassanakajon et al. 2011) , despite of the reported data about their role as anti-virals (Amparyup et al. 2008) .
The recently cloned CTL-br1 cDNA was evaluated for the purpose of establishing a relationship between its expression in response to the simultaneous presence of IHHNV and IMNV in sub-adult farmed shrimps. Despite some level of induction detected in the gill of sub-chronic IHHNV-infected shrimps ), a correlation was observed in the same tissue of L. vannamei co-infected with both IHHNV and IMNV. In fact, homologous C-type lectin gene products were observed to fluctuate positively in L. vannamei hemocytes in the first 48 h of WSSV infection, which showed a direct anti-viral activity that is displayed by this kind of molecule ).
To certify that the oscillation in gene expression is virus-specific and not a generalized response, a number of samples were evaluated for the ratio between IHHNV and IMNV copy number and the pattern of expression (Figure 4 ). When IHHNV is the only virus or when its number predominates in co-infected samples by a difference of twofold, the same pattern of expression for HSP-70 and a positive relationship are observed. Again, no significant relationship was seen when IHHNV is predominant in respect to IHHNV and IMNV co-infected shrimp, although there was a slight increase in samples with the presence of IHHNV alone. The same analysis conducted for IMNV revealed that when IMNV predominates in IHHNV/IMNV double-infected shrimps, or when IMNV is the only infective virus, the level of HSP-70 is still inferior by 3 orders of magnitude when compared to IHHNV in the same circumstances. However, as seen in a number of samples, the levels of crustin, penaeidin, and CTL-br1 are preferentially increased in the shrimp gill when IMNV is present alone. For now, we are unable to speculate this differential pattern of expression, but we can conclude, based on the present data, that the triggering of the innate immune genes by IHHNV and IMNV seemed to be virus-specific and does not overlap even in a double-infected host. The up-regulation of HSP-70 IHHNV might confer a certain degree of immunity in shrimp through activation of the toll-like receptor transduction pathway (Tsan and Gao 2004) . Thus, HSP-70 may display a dual role: it exerts immune activation as danger signals, mediates protection against infectious diseases, or exhibits regulatory activities in controlling and preventing disease (Multhoff 2006) . In fact, shrimp exposed to sub-lethal doses of virus induce a status of 'pseudo-vaccination' of the host, improving the resistance and survival of Parribacus japonicus to high infective doses of WSSV (Wu et al. 2002) . However, as observed through our data, with excessive increases of HSP-70 expression, damage to the shrimp tissues may occur, due to pro-inflammatory cytokines that are normally produced, which would facilitate IMNV proliferation. In fact, this explanation is plausible because shrimp carrying IHHNV, or in which the number of IHHNV particles is predominant, develop IHHN disease, but not IMN disease. In contrast, shrimp that develop IMN disease are most likely to be co-infected with both IHHNV and IMNV (Table 2) .
In summary, to our knowledge, the present study is the first to correlate the up-regulation of the HSP-70 gene mediated by a virus in naturally double-infected farmed shrimp host. The modulation of HSP expression has implications in the activation of the innate immunity response and may serve as a mean of inducing pseudo-vaccination. However, in doubleinfected shrimp, the triggered induction of HSP-70 that would contribute to counteract a pathogen assault seems to open a window of immune-modulator imbalance that might be deleterious to the host due to the presence of an opportunistic co-infecting virus. Obviously, more comprehensive studies are required to elucidate the molecular mechanisms that switch on and off in the operation of reciprocal viral proliferation in shrimp, as well as their roles in the molecular arsenal of the host defenses that are necessary to maintain homeostasis. In fact, to better understand the inductive expression of HSP-70 response to IHHNV in white shrimp (L. vannamei) infected with predominant IMNV or only IMNV, we are conducting quantitative expression analysis with samples of shrimps infected in the laboratory under controlled conditions.
Conclusion
The innate immune response comprises a complex of several player molecules that assist the host to neutralize infectious assaults by different microbes. Like other organisms, shrimps also rely their defense on the innate immune components to annihilate bacterial and viral infection. As observed in the present study, in naturally co-infected farmed shrimp, IHHNV triggers the expression of HSP-70, a molecule that might serve to counteract viral infection. Paradoxically, the increase of HSP-70 expression in response to the IHHNV loads seems to facilitate the propagation of IMN virus. In conclusion, we present experimental evidence to show that in farmed shrimps that are environmentally exposed to viral double-infection, a disease outcome might be partially linked to differential fluctuations in HSP-70 expression in the entry port, the shrimp gill.
